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Introduction
Chronic pain conditions are among the most common causes of disability worldwide and affect 11% to 40% of adults in US [1, 2] . In addition to pain and disability, chronic pain is associated with emotional and cognitive disorders which further decrease quality of life [3] [4] [5] . The risk factors for chronic pain include biological, psychological and socioeconomic influences. Adversity, especially in early life, such as parental neglect, chronic physical abuse, sexual abuse, or social stress, are risk factors for chronic pain conditions [6] [7] [8] [9] . Understanding the mechanisms underlying the effect of early life adversity on chronic pain would provide insights into how to prevent or attenuate their impact.
Chronic pain is associated with persistent anatomical and functional changes and longterm changes in gene expression throughout the neuroaxis [10, 11] . Among the brain structures implicated in chronic pain conditions, the frontal cortex and the hippocampus are important in affective, motivational and cognitive functions and play a critical role in pain control [12, 13] . Effective treatment for pain resulted in the attenuation of painrelated frontal cortex pathology [14, 15] . In rodent models of neuropathic pain, decreased frontal cortex volume is observed several months after injury [16, 17] and long-term cortical synaptic changes contribute to chronic pain and emotional disorders [18, 19] .
Persistent pain is associated with memory impairment in patients [20, 21] . Recent studies investigating chronic pain-related pathology in the hippocampus in humans and in rodent models demonstrate functional abnormalities in the hippocampus, changes in associated behavior, and decreases in adult hippocampal neurogenesis [22] . Chronic pain also results in impaired long-term potentiation (LTP) in the cerebral cortex, hippocampus and other brain regions [23] [24] [25] .
Epigenetic mechanisms contributing to control of gene expression include changes in DNA methylation, chromatin structure [26] , and noncoding RNAs [27] . Epigenetic processes include DNA methylation, histone modifications or expression of microRNAs (miRNAs). DNA methyltransferases (DNMTs) add methyl groups to DNA while Ten-J o u r n a l P r e -p r o o f eleven Translocation enzymes (TETs) -further modify the methyl moiety to oxygenated derivatives, 5-hydroxymethyl cytosine, 5-formyl cytosines and 5-carboxylcytosine, thereby potentially modifying gene transcription. Histone acetylation leads to a more relaxed chromatin configuration and promotes gene transcription. Removal of acetyl groups, or deacetylation, takes place through the action of histone deacetylases (HDACs), condensing the chromatin structure and reducing gene transcription [28] . In addition, distinct protein families 'read' and 'translate' methylation mark into a function:
MeCP2 and MBD2, members of the methyl-CpG binding domain (MDB) proteins family, belong to one of these families. Chronic pain is associated with long-term changes in gene expression and dysregulation of DNA methylation in the frontal cortex in chronic neuropathic pain in rodents [29, 30] . These changes can be reversed by environmental enrichment [31] and the methyl donor SAM, which donates the methyl moiety to epigenetic methyltransferase reactions, attenuates pain-related behavioural changes [30] , suggesting an important role for epigenetic processes in chronic pain.
Early life experiences play a crucial role in both rodent models and humans in shaping the future phenotype of the offspring [32, 33] . Rodent and nonhuman primate models of aberrant maternal care or infant separation have demonstrated alterations in behavioral outcomes, brain structure and function [34, 35] , and long-term epigenetic modifications [36, 37] . Broad changes in DNA methylation in blood cells were found in response to maternal stress [38] , maternal depression [39] , early life physical aggression [40] and socioeconomic status [41] . Moreover, in mice exposed to prenatal stress, abnormalities in DNA methylation were found in both frontal cortex and hippocampus [42] .
We propose that long-lasting changes in epigenetic processes mediates the impact of early-life experience on the development of chronic pain later in life [43] . In the present study, we exposed mice to prenatal stress and hypothesized that exposure in utero would a) increase sensitivity to pain in the resulting adult offspring, b) alter emotional behaviour in offspring and c) modify expression of epigenetic-and stress-related genes in frontal cortex and hippocampus.
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Materials and Methods

Animals
Six pregnant CD1 mice were received on embryonic day 9 (Charles River Laboratories, St-Constant, QC, Canada) and were individually housed on a 12h light/dark cycle in a temperature-controlled room in ventilated polycarbonate cages (Allentown, Allentown, NJ), with corncob bedding (7097, Teklad Corncob Bedding, Envigo, UK) and cotton nesting squares for enrichment. Mice were given access to food (2092X Global Soy Protein-Free Extruded Rodent Diet, Irradiated) and water ad libitum. 
Prenatal stress paradigm
Prenatal maternal stress (n=3) was performed daily on embryonic days 13 to 17 by restraining the dams in transparent 500 ml glass cylinders (4.5 cm diameter, >30 cm long) filled up to a height of 5 mm with water, under bright light exposure, 3 times daily (between 8.00 and 10.00 h, 12.00 and 14.00 h and 16.00 and 18.00 h), for 45 min per session (adapted from [46] , Fig. 1 ). Control pregnant females (n=3) were left undisturbed in their home cages.
After birth, the offspring were raised by their biologic mothers until weaning then housed in same sex groups of two to four under standard laboratory conditions. When the offspring reached the age of 3 months, baseline behavioral experiments were performed prior to the induction of neuropathic pain (chronic constriction injury, CCI) or sham surgery (n=9-11/group). Mechanical and cold sensitivity was tested 1,2,3 and 6 weeks following CCI or sham surgery. Finally, anxiety and depressive-like behaviours were assessed 6 to 7 weeks following CCI or Sham surgery.
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At the completion of the behavioural experiments, animals were sacrificed by decapitation under isoflurane anesthesia and brains were dissected on ice. According to the stereotaxic coordinates by Paxinos and Franklin (Paxinos G, Franklin, 2004), the frontal cortex (+1 to +2.5 mm anterior to Bregma, -0.75 to +0.75 mm lateral to midline, depth: -2 to -3.5 mm ventral to Bregma) and hippocampus (-1 to -3.5 mm anterior to Bregma, -3.5 to +3.5 mm lateral to midline, depth: -1 to -3.5 mm ventral to Bregma) were extracted, frozen on dry ice and stored at −80°C until use. The hemispheres were pooled for our study.
Chronic constriction injury (CCI)
Neuropathic pain was induced in experimental mice via chronic constriction of the sciatic nerve (CCI) according to the method by Bennett and Xie [47] with some modification. Briefly, animals were anesthetized with isoflurane and the left sciatic nerve was isolated at mid-thigh level and four ligatures of 4-0 chromic gut suture were tied loosely around the sciatic nerve at 1mm intervals. The overlying muscle and skin were sutured closed with one 3-0 sterile silk suture and a topical antibiotic was applied to the wound. For sham surgery, the left sciatic nerve was exposed but no ligatures were placed. All surgical procedures were conducted by the same individual.
Behavioral assays
Behavioral assessments were performed in three-month-old offspring before the induction of neuropathic pain (baseline) then 1 to 6 weeks following CCI or sham surgery. Mechanical and thermal sensitivity were tested before and 1, 2, 3 and 6 weeks after surgery. Following a habituation period of one hour to the behavioural room and another hour to the Plexiglas testing boxes, mechanical sensitivity was assessed followed by cold sensitivity. Mice were then returned to their home cage for at least 2 hours prior to evaluating heat sensitivity. Males and females were testing on different
days. Anxiety (open field test) and depressive-like (tail suspension test) behaviours
were assessed before and 6 to 7 weeks post-CCI. First, the open field test was J o u r n a l P r e -p r o o f performed on all animals over the course of two days, followed by the tail suspension test over an additional two day. The tail suspension test was the last test performed as it is stressful for the animals. As for the other assays, males and females were tested on different days. While offspring were 16-21 days, the dams were tested to evaluate their mechanical and cold sensitivity as well as anxiety-like behaviours. In those cases, mechanical and cold tests were performed on the same day with mechanical first and open field was performed several days later.
Measurement of mechanical, cold and heat sensitivity
Following a habituation period of 1 hour to the Plexiglas testing boxes on an elevated mesh grid, calibrated von Frey filaments (0.04, 0.07, 0.16, 0.4, 0.6, 1.0, 1.4, 2.0, 4.0 g, Stoelting Co., Wood Dale, IL) were applied to the plantar surface of the hindpaw to the point of bending for 3 sec or until withdrawal and mechanical sensitivity was determined as the 50% withdrawal threshold using the up-down method [48] . To initiate testing, a filament with a bending force of 0.4 g was first applied to the hindpaw. A prompt response was considered as a positive response after which the next lower filament in the series was applied, until a filament inducing no response was determined. In the absence of a positive response, the next higher filament in the series was applied, until a filament inducing a positive response was identified. After the first change in response pattern, four additional applications were performed (with a higher force when no response and with a lower response when a positive response). Cold sensitivity was assessed using a modified version of the acetone drop test [49] : after an application of 25 µL of acetone to the plantar surface of the hindpaw, the total duration of acetoneevoked behaviors (flinching, liking, biting) was measured for 1 min. Heat sensitivity was assessed using the hot plate test: mice were placed on an approximately 25 cm 2 hot plate (IITC Life Science, CA, USA) surrounded by a Plexiglas enclosure. The plate was pre-heated to a constant temperature of 55°C and the latency to first response (lick, flick or a hindpaw flexion) was measured. A cut off period of 30 sec was set to avoid tissue damage. The mouse tail suspension assay is used as a model of learned helplessness and is sensitive to anti-depressants [36] . Mice were suspended individually underneath a platform by the tail with two pieces of adhesive tape attached at 0.5 cm from the base of the tail and at 1 cm from the tip of the tail. Behavior was videotaped for 420 seconds.
The duration of time spent in immobility subsequently analyzed by an observer blind to experimental condition.
RNA extraction and quantitative real-time PCR
Relative transcript expression levels were determined with quantitative real-time PCR cDNA template was mixed with SsoAdvanced™ Universal SYBR ® Green Supermix (Biorad, USA) and ran in the Rotor-Gene Q apparatus (Qiagen). The primers used for qPCR analysis are described in Supplementary Table 1 Due to low yield of RNA in the frontal cortex (< 20 ng/µl), nine males and two females were not processed in qPCR experiments.
Statistical analyses
All data are expressed as mean ± standard error of the mean (SEM) and all analyses were performed using GraphPad Prism 6 (GraphPad Software Inc.).
To determine statistical significance of the effect of stress during gestation on dams' behaviours (mechanical and cold sensitivity and anxiety-like behaviour) and on offspring's pre-surgical baselines, an unpaired one-tailed t-test was performed between groups (control or stress).
To determine statistical significance of the effect of nerve injury on sensory measures in offspring, a two-way (group x time) repeated measures analysis of variance (ANOVA) was performed, followed by the Tukey's multiple comparisons post-hoc test when needed. In the von Frey test, area under the curve (AUC 1week-6weeks) was analyzed using two-way ANOVA followed by LSD multiple comparisons test if needed.
Significance of behavioral data in offspring six weeks post-CCI and qPCR results were assessed using a two-way (surgery x stress) ANOVA followed by the Tukey's multiple comparisons post-hoc test when needed.
In all cases, the significance level was P < 0.05. 
Effect of stress on litter size and dam behaviour
Litter sizes did not differ significantly between controls and stressed dams (13 ± 1.0 and 11± 0.6, respectively, data not shown).
Sensitivity to mechanical (von Frey assay) and cold (acetone test) stimuli on the hindpaw in controls and stressed dams is shown in Figure 2 -A (n=3 per group). No statistical differences were observed in either test. The open field test was used to assess anxiety-like behaviours in dams (Fig. 2-B) . A trend towards decreased entries (t=2.08, p=0.10) and time spent (t=2.10, p=0.10) in the centre of the open field was observed in the stress dams compared to the control dams, suggestive of increased anxiety-like behaviour. The total distance travelled in the open field was not different between groups.
Prenatal maternal stress results in increased body weight in adult offspring
A significant increase in body weight was observed in stressed compared to control male offspring at baseline. This difference persisted in both sham-stress and CCI-stress groups 6 weeks after surgery (2-way ANOVA, F1,36=14.32, p<0.001). As shown in Figure 3 -A, post-hoc analysis showed a difference between control-CCI and both CCIstress (**P<0.01) and sham-stress (*P<0.05). No difference was observed in female offspring at baseline but an interaction between surgery and stress was found 6 weeks post-surgery (2-way ANOVA, F1,27=6.89, p<0.05) with a difference between shamcontrol and CCI-control (P<0.05, Fig. 3-B ).
Prenatal maternal stress results in increased nerve injury-induced mechanical but not thermal sensitivity in adult offspring
We determined the impact of prenatal stress on mechanical sensitivity before and 1,2,3 and 6 weeks after CCI or sham surgery using the von Frey assay. A two-way repeated measure ANOVA (one-factor repetition) with two levels (time x group) analysis of the results reveals no statistical differences between groups in either male and female J o u r n a l P r e -p r o o f offspring prior to surgery. However, following nerve injury, the hindpaw of the nerve injured limb was hypersensitive to mechanical ( Fig. 4-A,B) , cold ( Fig. 4-E,F) and heat stimuli ( Supplementary Fig. S1 ) compared with sham-operated controls regardless of sex or prenatal exposure. Area under the curve analysis of mechanical sensitivity ( Fig.   4-C,D) demonstrate that prenatal maternal stress increases mechanical sensitivity in sham-operated animals (F1,36=16.93, p<0.001 and F1,27=8.85, p<0.01 for male and female offspring, respectively) and exacerbates hypersensitivity in nerve-injured (CCI) male offspring (F1,36=196.5, p<0.001).
Prenatal maternal stress results in increased anxiety-like behaviour but not depressive-like behaviour in adult offspring which is modulated by nerve injury
Prior to injury, the number of entries into the centre of the open field was decreased in both male and female offspring exposed to prenatal stress compared to non-stressed controls ( Fig. 5-A,B, t=2.61, p<0 .01 and t=2.06, p<0.05 for male and female offspring, respectively). Six weeks post-CCI, no difference was found between groups in males in the different outcomes measured in the open field test ( Fig. 5-A,B,C) . In contrast, a twoway ANOVA revealed an injury effect in the number of entries (F1,27=8.54, p<0.01) and time spent (F1,27=5.08, p<0.05) in the centre of the open field in female offspring, with a significant decrease only in CCI-stress females (p<0.05) ( Fig. 5-E,F) , suggesting that anxiety-like behaviour is potentiated by prenatal stress in CCI females. Six weeks postsurgery, the total distance travelled in the open field was decreased in CCI-females offspring ( Fig. 5-G, F1,27=2 .04, p<0.01) in both control and stress groups (P,0.05).
No statistical differences were observed between groups in the tail suspension test, suggesting that neither pre-natal stress nor 6-7 weeks of neuropathic pain result in depressive-like behaviours (Fig. 5-D,H) .
Effect of prenatal maternal stress and nerve injury on genes expression in the mouse hippocampus and frontal cortex:
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Quantitative PCR was used to analyze changes in the expression of 17 genes in the hippocampus (HPC) and in the frontal cortex (FC), in response to both injury and prenatal stress in male and female offspring. The genes included were either involved in the epigenetic machinery through DNA methylation or histone modifications (DNMTs, TETs, MBDs, MeCp2 and HDACs) or have been linked to stress responses and/or pain mechanisms (GR17, FKBP5 and BDNF).
In the male hippocampus (Fig. 6) , two-way ANOVA revealed that prenatal stress has a significant effect on the expression of BDNF, BDNF IV, GR17, DNMTs, TET1, TET3, HDAC3, MBD2a and MBD2b. In contrast, the only neuropathic pain effect was a decrease in FKBP5 mRNA expression in CCI-stress animals compared to sham-control mice (F1,35=9.20, p<0.01). Significant interaction effects (surgery x stress) were also observed for TET3 and HDAC3 mRNA expression.
In female hippocampus (Fig. 7) , prenatal stress significantly altered mRNA expression of MDB2b (sham only), suggesting that the effect of prenatal stress on MBD2b mRNA expression depends on the pain status of the animals (sham or CCI). A decrease in DNMT3b mRNA expression was found in injured animals (F1,27=11.10, p<0.01).
In male frontal cortex (Fig. 8) , prenatal stress induced a decrease in BDNF IV mRNA expression in CCI (P<0.05) animals. A surgery effect (F1,27=9.15, p<0.001) was found for BDNF mRNA expression with a significant decreased in neuropathic mice prenatally stressed (P<0.05). Finally, an interaction effect (F1,25=7.57, p<0.05) was shown in HDAC1 mRNA expression.
In female frontal cortex (Fig. 9) , an interaction effect was observed for MBD2a where mRNA expression was increased in prenatally-stressed CCI compared to non-stressed CCI (P<0.05).
Discussion
We investigated the effect of prenatal maternal stress on neuropathic pain-related sensory and affective behaviour in adult mice. Analysis of mRNA expression of genes involved in epigenetic regulation and in stress responses were performed in the frontal cortex and hippocampus (HPC) in both male and female offspring.
The results demonstrate that exposure of mice to prenatal maternal stress is associated with increased anxiety-related behaviours; this effect may be exacerbated in female offspring after the induction of neuropathic pain. In both male and female offspring that experienced prenatal stress, nerve injury-induced mechanical hypersensitivity was amplified, consistent with the hypothesis that prenatal stress is a risk factor for increased pain severity after injury. Analysis of mRNA expression of genes related to epigenetic regulation and stress responses in the frontal cortex and HPC showed distinct sex-and region-specific patterns of dysregulation. In general, mRNA expression was most frequently altered in the male HPC and the impact of prenatal stress was more widespread than nerve injury. This suggests that the change in expression of epigenetic-and stress-related genes is not a consequence of nerve injury but rather precedes nerve injury, consistent with the hypothesis that it might play a causal role in modulating the phenotypic response to nerve injury.
Effect of prenatal and early life stress on adult offspring
In both humans and animals, maternal stress is linked to adverse outcomes including lower birth weight, increased obesity risk in childhood and adolescence, impaired emotional regulation (anxiety and depression) and an increased risk of cognitive and emotional disorders [50] [51] [52] . In our study, birth weight was not measured but an increase in weight was observed in male prenatally stressed animals. This finding is consistent with a recent report which also demonstrated an increase in prenatally stressed adult male offspring body weight using a different stress paradigm [53] . The impact of prenatal stress on long term body weight may be dependent on the timing of exposure to stress during gestation, where stress experienced mid-to late in pregnancy J o u r n a l P r e -p r o o f produced significant and long-term effects on body weight in offspring from stresssensitive dams [54] .
While literature in both rodent models and humans has documented that early life experiences have a persistent impact on the brain and can adversely impact the behaviour of the offspring [55] , little is known about the impact of early stress on chronic pain-related vulnerability/resilience in adult offspring or the possible underlying etiology.
In humans, stressful events experienced early in life can dramatically alter the functioning of the HPA axis, which is associated with enhanced risk of developing mental or physical health problems including chronic pain disorders later in life [56] [57] [58] .
Studies have shown that pain sensitivity can be modulated in animals by maternal care.
For example, maternal separation in new born pups, a well-established model of earlylife stress [59] , lead to resilience against neuropathic pain in adulthood, including reduced injury-related thermal sensitivity and the delayed development of mechanical hypersensitivity when compared to control animals [60] . In contrast, other experimental and clinical studies in chronic bowel syndrome [61] , visceral hyperalgesia [62] [63] [64] and neuropathic pain [6] , reported an increase in pain sensitivity associated with early-life stress. In a recent clinical study, a significant proportion of patients suffering from chronic pelvic pain syndromes reported a history of early life stress or trauma [65] .
Moreover, enhanced emotional responses to noxious stimuli were reported in adults rats exposed to maternal separation [66] . These studies highlight both the potential of early life experience to impact outcomes in adulthood and the complexity of these interactions.
Consideration of sex-specific effects adds further complexity [67] [68] [69] [70] . While sexdifferences in response to early-life manipulations have been reported, studies directly comparing both sexes are limited. Here we observed increases in locomotor activity in the open field test in female neuropathic offspring exposed to prenatal stress. This is consistent with other work showing that both positive and negative effects of maternal separation and neonatal handling were more pronounced in female than male mice [71] .
Finally, female neuropathic weighed more than control mice. Obesity and chronic pain are common comorbidities [72] . Although the causal obesity-pain relationship has not J o u r n a l P r e -p r o o f been fully explored, evidence suggests that obesity and pain adversely affect each another as they share underlying mechanical, physiological, psychological and behavioural mechanisms [73] [74] [75] [76] . However, the sex-specific effects on behavioural outcomes in our study were minor.
Effects of prenatal stress and nerve injury on expression of epigeneticrelated genes in the hippocampus and frontal cortex
What are the mechanisms that mediate between early life events and response to pain later in life? A long line of evidence supports the hypothesis that epigenetic alterations mediate between early life events and lifelong programming of gene expression leading to stable phenotypic changes [77] [78] [79] [80] [81] [82] . To test the hypothesis that epigenetic processes might be involved in mediating the impact of early life adversity, we examined whether early life stress alters the expression of the nodal genes regulating DNA methylation and histone acetylation in the frontal cortex and hippocampus, which were chosen because of their potential involvement in early life stress and pain. The developing hippocampus and cortex are vulnerable to stress-induced plasticity. Offspring stressed in utero may be born with reduced hippocampal volume and cerebral cortex asymmetry [83] [84] [85] . For example, hippocampal volume is associated with early life stress in teenagers [86] and these morphological changes may be accompanied by a reduced number of CA3 neurons in the hippocampus [87] , by a disruption of long-term potentiation and depression, and by epigenetic changes, all suggesting functional longterm consequences of prenatal stress.
We chose to examine genes encoding proteins and enzymes regulating DNA methylation since the importance of DNA methylation in early life experience [88, 89] , memory processes [90, 91] , addiction [92] and psychiatric disorders such as schizophrenia [93, 94] are well reported. DNA methylation is sensitive to various life experiences: maternal stress [38] , depression [39] , early life abuse [40] and social economic status all alter DNA methylation patterns in blood [41] and maternal deprivation results in altered methylation in both the blood and prefrontal cortex in rhesus monkeys [95] . In rodents, we have demonstrated that chronic pain is associated J o u r n a l P r e -p r o o f with a broad DNA methylation signature in both brains and T cells that persists for months after nerve injury [96] and with transcriptome-wide changes [97] and decreased global DNA methylation [30, 31] in the frontal cortex in neuropathic mice.
Several studies have also suggested a role for the methylating enzyme DNMT3a in sensory and spinal cord neuronal plasticity and pain processing [98, 99] , although others have questioned those findings [100] . In rodents, intrathecal injection of a DNMT inhibitor attenuated the development and maintenance of bone cancer pain [101] and knock-out of DNMT1 and 3a in adult forebrain neurons is associated with deficits in neuronal plasticity [102] . However, little is known on the potential role of these enzymes in pain, especially at the supraspinal level.
In our study, sex-and tissue-specific variations were observed in DNMT expression.
While DNMT1 expression increased in male hippocampus in prenatally stressed animals regardless of pain status, no changes were observed in this enzyme in frontal cortex or in female hippocampi. In contrast, DNMT3b expression was significantly decreased in female hippocampus after nerve injury and in male hippocampus by stress-but not by nerve-injury. The role of DNMTs in both prenatal stress and chronic pain may therefore be distinct in males and females.
TET enzymes have been shown to catalyze the sequential steps of oxidative modification of 5-methylcytosine (5mC) and may also be involved in pain and/or stress processing. Increased levels of TET1 and TET3 have been observed in the spinal cord after induction of inflammatory pain and a decreased thermal and mechanical hyperalgesia was observed after silencing TET1 or TET3 by short-interfering RNA injection into the spinal cord [103] . In this study, changes in TET enzyme mRNA expression was limited to effects of pre-natal stress on TET1 and TET3 in male hippocampus.
Histone acetylation and deacetylation are also essential regulators of gene expression [104] . These reactions are typically catalyzed by enzymes with "histone acetyltransferase" (HAT) or "histone deacetylase" (HDAC) activity, respectively. Intrathecal administration HDAC inhibitors attenuates mechanical and thermal hypersensitivity in animal models of neuropathic pain [105] and prevents J o u r n a l P r e -p r o o f persistent hypersensitivity in an orofacial neuropathic pain model [106] . A study published by Li and his colleagues demonstrated that HDAC2 mediated neuropathic pain [107] . Nevertheless, most of the preclinical studies focused on the spinal cord level. Interestingly, administration of the HDAC inhibitor sodium butyrate in adulthood reverses the negative effects of maternal stress on the behavior and physiology [108, 109] . In our study, decrease of HDAC1 mRNA expression were found in the frontal cortex in both sexes in stressed and neuropathic animals.
Methyl binding protein are also involved in setting up brain functions. For example, MBD2 knockout mice exhibit differences in locomotor activity, nest building and body weight [110] and MBD2 deficiency causes cognitive, social and emotional deficits [111] .Differences were also found in MBD2a and MBD2b mRNA in the hippocampus in animals with prenatal maternal stress, further supporting the observation that epigenetic-related changes in male hippocampus are mainly sensitive to the prenatal stress paradigm.
Effects of prenatal stress and nerve injury on expression of stress-related genes in the hippocampus and frontal cortex
BDNF is an endogenous mediator of stress responses in the mammalian brain [112] and BDNF exon IV is the major activity-dependent exon. Consistent with our study, reduced levels of total and exon IV BDNF have been previously shown in the hippocampus in models of early life stress [113] . Neuropathic pain can also induce a decrease of BDNF expression in the hippocampus; these changes can be attenuated by environmental enrichment [114] .
Epigenetic differences at other stress-related genes including the glucocorticoid receptor (GR) and the FK506 binding protein 5 (FKBP5) have also been extensively studied [115] [116] [117] . We observed a trend towards decreased GR 17 expression in the hippocampus of male offspring exposed to prenatal stress. FKBP5, a cochaperone protein of GR, is associated with dysfunction of the HPA axis and several affective disorders [118, 119] . The FKBP51 protein may also be crucial for the full development and maintenance of long-term pain states and can influence the severity of pain [120, J o u r n a l P r e -p r o o f 121]. In our study, the combination of prenatal stress and nerve injury resulted in a decrease in FKBP5 mRNA expression in male hippocampus Our study shows that most of the changes in epigenetic enzymes are driven by early life stress and are not just a consequence of nerve injury. They are therefore well positioned to modulate the effects of nerve injury on pain severity. However, direct experiments are required to test whether the changes in epigenetic enzyme expression triggered by early life stress play a causal role in the heightened response to nerve injury in animals that were subjected to early life stress. Our study supports the plausibility of this hypothesis.
Limitations and future directions
First, although our study shows significant changes in expression of epigenetic enzymes, it didn't examine the impact of these changes on genes that are epigenetically regulated by this machinery or their involvement in intensifying pain responses. Further studies are required to address this question, including, for example, measurement of protein expression of epigenetically dysregulated genes and genome-wide DNA methylation profiling or Chip-sequencing for epigenomic analyses.
Second, the current study is limited by the focus on changes in gene expression which do not necessarily correlate with changes in protein expression. A key assumption in studying mRNA expression is that reflects, at least in part, changes in protein expression; however, many factors limit this assumption. Indeed, the regulation of gene expression, protein expression and protein function occur at multiple levels including transcription, post-transcriptional modification, translation and post-translation modification. Consequently, changes in mRNA levels may not be representative or informative of the entire biological process. Future studies examining the impact of prenatal stress and nerve injury on protein expression are needed in the future to understand the impact of these changes on CNS function.
Another limitation of this study is the inability to distinguish the direct effects of stress in utero vs. changes in the dam's maternal behavior due to stress during pregnancy; cross-fostering studies are needed to address this issue. Future investigations into the evolution of changes of epigenetic regulation and gene expression in the brain at J o u r n a l P r e -p r o o f different time points post-injury are required, as is expansion of this work to other areas (e.g. amygdala, insula, thalamus, spinal cord) and extension to other types of chronic pain (e.g. inflammatory, visceral). Lastly, functional experiments that involve up and down regulation of epigenetic enzymes in specific brain regions are required to establish a causal role for these processes in chronic pain.
Conclusion
In summary, our findings highlight the impact of prenatal stress on sensitivity to chronic pain in adulthood and suggest that these long-term changes may be mediated, in part, through dysregulation of epigenetic processes. Increased risk for chronic pain by gestational stress has far-reaching implications for public health and society by highlighting the long-lasting impact of maternal stress on health and well-being of her offspring and the importance of reducing maternal stress for preventing chronic debilitating conditions such as chronic pain later in the life. The possibility that epigenetic processes might be involved in linking early life experience and chronic pain points to a plausible mechanism explaining how chronic pain might be triggered by experiences years earlier. Since epigenetic processes could potentially be modulated by agents that target epigenetic enzymes, these data point to new potential strategies for treating chronic pain that target the underlying genomic mechanisms rather than distal components of the disorder.
